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HIGHLIGHTS 


►  One-step  CVD  process  for  the  synthesis  of  3D-carbon  electrode  as  Pt  catalyst  support. 

►  3D  electrode  comprises  bamboo  like  MWNTs  on  single  layer  graphene  film  (G-MWNTs). 

►  Platinum  nanoparticles  are  electrochemically  deposited  over  G-MWNTs  hybrid. 

►  Pt/G-MWNTs  hybrid  exhibited  enhanced  catalytic  performance  towards  methanol  oxidation. 
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A  three-dimensional  carbon  electrode,  in  the  form  of  vertically  grown  multiwalled  carbon  nanotubes 
(MWNTs)  on  a  single  layer  graphene  floor  (G-MWNTs)  is  synthesized  by  one-step  chemical  vapor 
deposition  (CVD)  method,  as  supporting  material  for  platinum  (Pt)  electrocatalyst.  Nanostructured  Pt 
catalyst  is  electrodeposited  onto  this  3D-carbon  electrode  and  their  structural  and  electrochemical 
properties  are  investigated  by  transmission  electron  microscopy  (TEM),  scanning  electron  microscopy 
(SEM),  energy  dispersive  spectroscopy  (EDS),  cyclic  voltammetry  (CV)  and  electrochemical  impedance 
spectroscopy.  The  electrocatalytic  performance  of  the  modified  electrode  (Pt/G-MWNTs)  towards 
methanol  oxidation  is  also  investigated  by  CV.  Experimental  results  demonstrate  an  enhanced  efficiency 
of  the  G-MWNTs  hybrid  film,  as  Pt  catalyst  support,  for  methanol  oxidation  in  comparison  to  pristine 
single  layer  graphene  electrode  with  regard  to  electroactive  surface  area,  forward  anodic  peak  current 
density,  onset  oxidation  potential,  diffusion  efficiency  and  the  ratio  of  forward  to  backward  anodic  peak 
current  density  (/f//b).  This  enhanced  electrochemical  and  catalytic  performance  towards  methanol 
oxidation  is  attributed  to  the  high  surface  area  of  three-dimensional  G-MWNTs  hybrid  film  due  to 
synergistic  combination  of  both  structural  and  electrical  properties  of  2D-graphene  and  lD-MWNTs, 
allowing  higher  dispersion  of  Pt. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nanostructured  carbon  materials  because  of  their  electrical 
conductivity  and  ability  to  improve  catalytic  activity  in  fuel  cells, 
has  been  receiving  a  great  deal  of  interest  [1-3].  Many  types  of 
carbon,  including  carbon  black,  carbon  nanofibers  and  carbon 
nanotubes  have  been  used  as  support  materials  for  catalysts  in  fuel 
cell  systems.  The  CNTs  have  excellent  intrinsic  properties  such  as 
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their  unique  morphology  including  inherent  size  and  hollow 
geometry,  high  electrical  conductivity  and  good  chemical  stability 
that  make  them  promising  supports  materials  for  heterogeneous 
catalysts  [4].  There  is  an  increasing  demand  for  growing  CNTs 
directly  on  the  substrate  to  minimize  the  contact  resistance 
between  the  CNTs  and  conducting  substrate. 

The  recent  emergence  of  graphene,  a  one-atom  thick  planar 
sheet  of  hexagonally  arrayed  sp2  carbon  atoms,  due  to  its  unique 
physicochemical  properties:  high  specific  surface  area  (theoretically 
2630  m2  g_1  for  single-layer),  excellent  electrical  conductivity,  large 
surface  area  per  unit  volume  and  stability,  has  opened  a  new 
opportunity  for  utilizing  this  2D  carbon  material  as  a  heterogeneous 
catalyst  support  in  fuel  cells  [5-7].  Platinum  nanoparticles  sup¬ 
ported  on  2D-structure  graphene  when  applied  as  electrocatalyst  for 
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electrochemical  oxygen  reduction  reactions  and  methanol  oxidation 
in  fuel  cells  exhibited  a  higher  catalytic  activity  and  less  suscepti¬ 
bility  to  carbon  monoxide  poisoning  when  compared  to  Pt  sup¬ 
ported  on  carbon  black  [8].  However,  the  excellent  properties  of 
graphene  emerge  only  in  the  planar  direction.  On-the-other-hand, 
in  carbon  nanotubes  (CNTs)  these  properties  emerge  in  the  axial 
direction  while  providing  high  specific  surface  area,  current  density 
and  thermal  conductivity.  Thus,  a  graphene-CNT  hybrid  which 
combines  the  unique  properties  of  the  two  carbon  allotropes  in  all 
directions  and  provides  a  high  surface  area  per  unit  volume  for 
increased  catalyst  loading  could  be  an  ideal  electrode  material  for 
fuel  cells. 

Recently,  syntheses  of  graphene-CNT  hybrid  were  reported. 
Methods  included  combining  graphene  and  CNT  by  solution  pro¬ 
cessing,  solid-phase  layer  stacking  of  CNT  film  on  graphene  film  or 
chemical  vapor  deposition  (CVD)  [9-13].  Amongst  the  various 
methods  reported,  CVD  [13]  has  following  advantages:  a)  a  large 
area  can  be  synthesized  in  a  facile  single-step  process,  b)  CNTs  are 
connected  to  the  large-area  graphene  floor  which  can  enable  the 
ballistic  transport  of  charge  carriers  through  ID  CNTs  and  their 
collection  through  the  high  carrier  mobility  2D  graphene  floor  and 
c)  provide  high  surface-to-volume  ratio  to  achieve  enhanced 
current  density. 

On  the  one  hand,  significant  efforts  have  been  made  to 
synthesize  high-surface-area  graphene-based  composites  as 
electrode  materials  to  achieve  high  catalytic  activity.  On  the  other 
hand,  synthesis  of  noble  electrocatalyst  nanoparticles  with 
uniform  size  and  good  dispersion  over  the  carbon  supports,  as  an 
electrocatalytic  material  also  remained  to  be  a  demanding  work. 
With  the  development  of  nanotechnology,  nanostructured  mate¬ 
rials  offers  new  avenues  for  searching  and  designing  effective 
electrocatalysts,  which  have  attracted  attention  of  many 
researchers  and  advances  the  progress  in  this  field.  Among  the 
nanocatalysts,  platinum  based  electrocatalysts  are  exclusively 
utilized  for  catalyzing  oxygen  reduction  reaction  (ORR)  and 
methanol  oxidation  reaction  (MOR)  in  Direct  Methanol  Fuel  Cells 
(DMFCs)  [14].  However,  several  limitations  such  as  high  cost,  low 
availability  of  platinum  and  irreversible  inactivation  of  the  cata¬ 
lysts  by  CO-poisoning  species  limit  the  widespread  commerciali¬ 
zation  of  DMFCs.  It  is  therefore  required  to  develop  low  cost 
catalyst  systems  with  comparable  activity  towards  methanol 
oxidation  reaction  and  better  CO-tolerance  for  DMFCs.  For 
example  in  direct  methanol  fuel  cells  (DMFCs),  depositing  plat¬ 
inum  loaded  carbon  material  films  on  conducting  substrates  is 
a  crucial  step  in  the  construction  of  electrodes.  Drop  casting  [15], 
electrophoretic  [16]  and  electrostatic  layer-by-layer  methods  have 
been  reported  for  the  deposition  of  Pt-CNT  film  on  the  conducting 
substrates  [17]  for  applications  to  DMFCs.  However,  there  are 
some  critical  factors  that  limit  the  particular  application  of 
methanol  fuel  cell,  including  sluggish  kinetics  of  methanol 
oxidation  at  anode  leading  to  high  over-potentials  and  the  high 
cost  of  noble  Pt-based  catalysts.  Therefore,  the  development  of 
support  material  with  high  surface  area  is  of  considerable  interest 
to  effectively  disperse  catalyst  particles  and  to  reduce  the  catalyst 
loading  with  enhancing  the  catalytic  activity  for  the  eletroox- 
idation  of  methanol. 

We  report  the  fabrication,  characterization  and  electrocatalytical 
activity  of  a  platinum  nanoparticles  decorated  unique  large-area 
three-dimensional  carbon  electrode  comprising  of  multiwalled 
carbon  nanotubes  (MWNTs)  vertically  grown  on  a  single  layer 
graphene  (G-MWNTs)  floor  by  one  step  CVD  method.  Comparative 
studies  were  carried  out  for  structural,  electrochemical  and  elec¬ 
trocatalytical  performance  in  terms  of  MOR  for  the  developed 
G-MWNTs  hybrid  supported  Pt  catalyst  with  respect  to  electro- 
deposited  Platinum  nanoparticles  on  pristine  graphene  electrode. 


2.  Experimental 

2.2.  Chemicals 

Electrocatalyst  precursor  salts,  i.e.,  H2PtCl6.6H20  and  RuCb, 
were  purchased  from  Sigma.  All  other  chemicals  were  of  analytical 
grade  and  used  as  received  without  further  purification.  Double 
distilled  water  was  used  through  all  experiments. 

2.2.  Methods 

Graphene  was  grown  by  acetylene  (C2H2)-chemical  vapor 
deposition  (CVD)  process  on  a  copper  foil  (~2.54  cm2).  For  G- 
MWNTs  film  growth,  copper  foil  was  decorated  with  1  nm  thick 
iron  nanoparticles  using  an  e-beam  evaporator  (Temescal,  BJD- 
1800).  The  iron  nanoparticles  and  Cu  foil  acted  as  catalysts  for 
MWNTs  growth  and  graphene,  respectively.  The  growth  substrates 
were  placed  inside  a  fused  silica  tube  (5  cm  inside  diameter  by 
100  cm  long)  and  the  temperature  raised  to  750  °C,  under  flowing 
Ar/H2,  100  seem  (standard  cubic  centimeter  per  min)/50  seem, 
atmosphere.  A  50  seem  flow  of  C2H2  was  supplied  for  10  min  in  the 
tube  once  the  temperature  stabilized  at  750  °C.  After  the  growth 
process,  the  MFC  for  C2H2  was  turned  off,  followed  by  cooling  the 
furnace  to  room  temperature  in  flowing  Ar/H2  atmosphere.  Gra¬ 
phene  film  formed  on  the  backside  of  the  Cu  foil  was  removed  by 
O2  plasma,  followed  by  etching  of  the  Cu  foil  in  a  1  M  aqueous 
FeCl3  solution  to  collect  single  layer  graphene  and/or  G-MWNTs 
film  grown  on  the  other  side.  Subsequent  cleaning  of  the  films  was 
performed  with  an  aqueous  HC1  (5%)  and  deionized  (DA.)  water  for 
several  times  to  remove  iron  particles  from  the  hybrid  as  well  as 
etching  solution.  The  complete  removal  of  Cu  and  Fe  was  necessary 
as  they  had  been  considered  as  membrane  contaminants  in 
DMFCs.  GC  electrodes  (3  mm  diameter)  were  polished  first  with 
emery  paper  and  then  with  aqueous  slurries  of  fine  alumina 
powder  (1  and  0.05  pm)  on  a  polishing  cloth,  and  finally  rinsed 
with  D.I.  water  in  an  ultrasonic  bath  for  5  min,  then  dried  with 
a  high-purity  N2  stream.  Single  layer  graphene  and  G-MWNTs 
hybrid  films  were  transferred  over  GCE,  followed  by  drying  at 
50  °C  temperature  for  1  h  in  oven  to  obtain  the  graphene/GCE  and 
G-MWNTs/GCE  electrodes,  respectively.  Pt  nanoparticles  were 
electrochemically  deposited  onto  the  G-MWNTs  hybrid  film 
modified  GCE  and  single  layer  graphene  modified  GCE  by  potential 
sweeping  of  25  cycles  each  between+0.30  and  -0.70  V,  at  a  scan 
rate  of  50  mV  s'1,  in  0.1  M  HC1  solution  containing  5  mM 
H2PtCl6.6H20,  under  identical  experimental  conditions.  The  Pt/G- 
MWNTs/GCE  and  Pt/graphene/GCE  so  obtained  were  washed 
with  D.I.  water  and  dried  at  50  °C  temperature  for  30  min,  in  oven, 
under  vacuum.  RuPt/G-MWNTs/GCE  was  prepared  from  an  equi¬ 
molar  solution  mixture  of  0.25  M  each  H2PtCl6.6H20  and  RUCI3  in 
a  cyclic  voltammetry  mode  with  25  potential  cycles  between  the 
same  potential  window,  under  identical  conditions,  as  mentioned 
above  for  Pt  deposition.  All  the  experiments  were  carried  out  at 
room  temperature.  The  amount  of  Pt  deposited  on  the  Pt/G- 
MWNTs/GCE  and  Pt/graphene/GCE  was  calculated  from  the 
charge  consumed  (the  overall  charge  that  passed  during  the 
cathodic  sweeps  of  potential)  during  the  electrodeposition  of  Pt  by 
using  Faraday’s  law,  considering  a  value  of  4  for  n  according  to  the 
following  faradic  reaction  (Eq.  (1)): 

PtClg 1  +  4e-  -►  Pt  +  6cr  ( 1 ) 

So,  the  quantity  of  deposited  Pt  (mPt)  is  obtained  from  Eq.  (2): 

mPt  —  Qpt-M/4F 


(2) 
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where  M  is  the  atomic  weight  of  Pt  (195.09  g  mol-1),  and  F  is  the 
Faraday  constant  (96,485.309  C  mol-1 ).  Based  on  charge  consumed, 
the  mass  of  electrodeposited  platinum  on  the  G-MWNT  hybrid  and 
graphene  film  was  found  to  be  332  pg  cm-2  and  357  pg  cm-2, 
respectively. 

2.3.  Instrumentations 

Detailed  materials  characterization  of  the  synthesized  films  was 
performed  using  transmission  electron  microscopy  (TEM;  Philips, 
CM300,  Japan),  scanning  electron  microscopy  (SEM;  Leo,  1550)  and 
Energy  dispersion  spectroscopy  (EDS;  Leo,  1550).  Electrochemical 
characterization  was  performed  with  a  CHI  750C  (CH  instruments 
Inc.,  USA).  A  three  electrode  system  was  employed,  while  the  Pt 
nanoparticles  modified  electrode  (Pt/G-MWNTs/GCE  or  Pt/graphene/ 
GCE)  was  the  working  electrode,  Ag/AgCl  with  KC1  solution  acted  as 
the  reference  electrode,  and  the  platinum  wire  was  the  counter 
electrode.  All  cyclic  voltammetric  measurements  were  performed  for 
at  least  three  cycles,  until  a  reliable  and  repeatable  response  was 
achieved  and  data  presented  were  taken  from  the  3rd  cycle. 

3.  Results  and  discussion 

3.1.  Morphological  and  electrochemical  characterization 

Pt  was  electrochemically  deposited  on  the  surface  of  three- 
dimensional  carbon  electrode  of  vertically  grown  multiwalled 
carbon  nanotubes  (MWNTs)  on  a  single  layer  graphene  floor 
(G-MWNTs)  as  described  in  the  experimental  section;  the  resulting 


morphologies  of  the  carbon  materials  before  and  after  Pt  deposition 
are  shown  in  (Figs.  1  and  2). 

Scanning  electron  microscopy  (SEM)  and  transmission  electron 
microscopy  (TEM)  studies  were  employed  to  investigate  the 
morphology  of  as  prepared  G-MWNTs  hybrid  film.  As  shown  in  the 
SEM  image  (Fig.  la),  the  one-step  G-MWNTs  synthesis  method 
produced  a  highly  dense  MWNTs  of  an  average  tube  diameter  of 
30  nm  growing  uniformly  over  the  entire  large-area  graphene 
surface.  A  low  magnification  TEM  image  of  G-MWNTs  hybrid  film 
transferred  on  a  lacey  carbon-supported  Cu  TEM  grid  (Fig.  lb) 
depicts  growth  of  MWNTs  from  graphene  surface.  In  the  1  nm  Fe 
nanoparticles  decorated  Cu  substrate,  Fe  and  Cu  were  acting  as 
metal  catalysts  for  MWNT  and  graphene  growth,  respectively, 
during  the  one-step  CVD  growth  process  at  750  °C  in  flowing  Ar 
(100  sccm)/H2  (50  sccm)/C2H2  (20  seem)  atmosphere.  In  the  unique 
catalyst  system  of  Fe  decorated  Cu  substrate,  the  MWNTs  growth 
was  made  possible  by  typical  vapor-liquid-solid  (VLS)  mecha¬ 
nism,  whereas  the  graphene  growth  occurred  by  surface  catalysis 
mechanism.  After  completing  the  growth  of  the  single  layer  gra¬ 
phene  and  G-MWNT  hybrid,  these  materials  were  separated  as 
a  film  with  the  complete  etching  of  Cu  foil  in  1  M  FeCl3  solution.  The 
floating  films  so  obtained  were  washed  off  repeatedly  with  5%  HC1 
followed  by  D.I.  water  to  remove  the  residual  impurities  of  Cu  and 
Fe  particles.  On  the  other  hand,  a  TEM  grid  having  G-MWNTs 
transferred  on  it,  were  placed  upside  down  to  clearly  observe  the 
interface  between  the  MWNTs  and  graphene  floor.  In  the  bottom 
view  of  G-MWNTs  hybrid  film  (Fig.  lc),  the  individual  MWNT’s  root 
had  seamless  crystalline  contact  with  the  graphene  floor  showing 
hollow  circular  pattern  (as  shown  with  dotted  circles)  comprising 
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Fig.  1.  SEM  and  TEM  images  of  the  G-MWNTs  hybrid  film,  (a)  SEM  image  of  G-MWNTs  film  composed  of  vertically  grown  MWNTs  on  graphene  floor,  covering  the  GCE  electrode,  (b) 
TEM  image  of  MWNTs  growth  from  graphene  surface  and  (c)  TEM  image  of  bottom  view  of  G-MWNTs  hybrid  film  showing  crystalline  contact  between  individual  MWNT’s  root 
(dashed  circles)  and  the  graphene  surface. 
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Fig.  2.  SEM  images  of  (a)  Pt/G-MWNTs  (inset  shows  EDS  pattern),  (b)  RuPt/G-MWNTs  (inset  shows  EDS  pattern)  and  (c)  Pt/graphene. 


of  typical  C-C  covalent  bond  between  the  two  carbon  allotropes. 
This  crystalline  contact  between  MWNTs  and  graphene  would 
remarkably  reduce  the  contact  resistance  to  achieve  maximum 
charge  transfer  through  the  G-MWNTs  hybrid  system,  as  was 
established  earlier  through  measurement  of  I—V  curves  showing 
Ohmic  contact  between  the  CNT  pillars  and  graphene  film  [18]. 

Fig.  2a  and  b  show  SEM  micrograph  and  EDS  profiles  (insets)  of 
G-MWNTs  after  electrodeposition  of  Pt  and  RuPt  nanoparticles, 
respectively.  As  evident  from  the  images,  the  electrodeposition 
conditions  employed  in  this  work  produced  a  uniformly  distributed 
flower-like  structure  comprising  clusters  of  needles/flakes  with 
needle  size  of  60-90  nm  in  case  of  Pt  alone,  and  a  combination  of 
both  spherical  and  needle  like  bimetallic  particles  in  the  case  of 
RuPt,  over  the  G-MWNTs  hybrid  film  producing  a  high  surface-to- 
volume  catalyst.  In  comparison,  identical  electrodeposition  condi¬ 
tions  employed  on  monolith  graphene  resulted  in  Pt  nanoparticles 
ranging  from  20  to  200  nm  diameters  having  a  few  aggregated 
clusters  of  particles  spread  out  on  the  graphene  film  (Fig.  2c)  surface. 

Fig.  3  shows  the  cyclic  voltammetry  (CV)  with  electrochemical 
impedance  spectra  (insets  of  Fig.  3)  of  Pt/G-MWNTs/GCE  and 
Pt/graphene/GCE  electrodes  in  degassed  0.01  M  I<3  [Fe  (CN)  6]/0.1  M 
KC1  solution  in  deionized  water  at  a  scan  rate  of  50  mV  s-1.  Well- 
defined  oxidation  and  reduction  peaks  were  observed  with  signif¬ 
icant  difference  in  peak-to-peak  potentials  separation  on  these 
electrodes.  The  high  peak  current  density  was  noticed  on  the 
Pt/G-MWNTs/GCE  electrode,  indicating  the  highest  electroactive 
surface  area.  The  electroactive  surface  area  of  the  electrodes  were 
calculated  using  the  Randles-Sevcik  equation  [19] 

Ip  =  2.69  x  W5AD'/2n3/2v'/2c  (3) 

where  n  (=1 )  is  the  number  of  electrons  participating  in  the  redox 
reaction,  A  is  the  electroactive  surface  area  (cm2),  D  (=  6.70  x  10  6 


cm2  s_1)  is  the  diffusion  coefficient  of  Fe  (CN)!-  in  solution,  c 
(=0.01  M)  corresponds  to  the  concentration  of  the  redox  probe  (K3 
[Fe  (CN)  6]),  and  v  is  the  scan  rate  of  the  potential  perturbation 
(V  s-1).  The  electroactive  surface  area  for  Pt/G-MWNTs  and  Pt/Gra- 
phene  electrodes  were  found  to  be  1.21  and  0.074  cm2,  respectively 
(Table  1 ),  showing  a  16  times  larger  surface  area  for  Pt/GMWNTs  as 
compared  to  Pt/graphene.  In  accordance  with  the  inverse  relation¬ 
ship  with  the  electroactive  surface  area,  a  low  value  of  charge 
transfer  resistance  (Rct)  was  observed  in  impedance  spectra  for  Pt/G- 
MWNTs  in  comparison  to  Pt/graphene  (Table  1 ).  Correspondingly, 


Fig.  3.  Cyclic  voltammograms  of  Pt/G-MWNTs/GCE  and  Pt/graphene/GCE  (inset:  EIS 
spectra)  in  0.01  M  [Fe(CN)6]3  /4~  +  0.1  M  KC1  in  degassed  water,  at  scan  rate  of 
50  mV  s'1. 
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Table  1 

Comparison  of  different  electrochemical  and  MOR  performance  between  Pt/graphene,  Pt/G-MWNTs  and  RuPt/G-MWNTs  hybrids. 


Electrode 

EA  (cm2) 

Rct  (Ohm  cm2) 

K°app  (cm  s  ’) 

if/ib 

If*  (mA  cm~2) 

Mass  activity*  (mA  mgpt1) 

Eonset  (V) 

Pt/graphene 

0.074 

18.74 

1.41  x  103 

1.65 

8.36 

23.41 

0.41 

Pt/G-MWNTs 

0.121 

12.75 

2.08  x  103 

1.11 

42.31 

127.43 

0.27 

RuPt/G-MWNTs 

— 

— 

— 

9.38 

— 

— 

0.22 

EA  =  electroactive  area  of  the  electrode,  Rct  =  surface  specific  charge  transfer  resistance,  K0app  =  apparent  electron  transfer  rate  constant  for  Fe  (CN)l_/4_,  C  =  specific 
capacitance,  If  =  forward  oxidation  current  density,  lb  =  backward  anodic  current  density,  If*  =  3.0  M  methanol  forward  oxidation  current  density,  Eonset  =  onset  oxidation 
potential. 


the  heterogeneous  electron  transfer  rate  constant,  K°app  (=RT/ 
n2F2CRct),  which  is  directly  proportional  to  electroactive  surface 
area,  showed  a  higher  value  for  Pt/G-MWNTs  than  Pt/graphene 
(Table  1 ).  These  results  are  in  conformity  with  the  pattern  observed 
in  CV  measurements,  confirming  the  highest  electroactive  surface 
area  for  Pt/G-MWNTs.  The  low  electroactive  area  and  sluggish 
electron  transfer  rate  for  the  Pt/graphene  is  attributed  to  a  perfectly 
crystalline  nature  (negligible  defects)  of  the  single  layer  graphene 
film,  as  reported  recently  by  electrochemical  measurement  on 
pristine  epitaxial  graphene  grown  on  silicon  carbide  (SiC)  surface 
[20]. 


3.2.  Methanol  electro-oxidation 

The  electrocatalytic  activities  of  Pt/G-MWNTs  and  Pt/graphene 
were  further  investigated  and  compared  towards  the  oxidation  of 
methanol,  which  is  directly  related  to  applications  in  DMFCs.  Fig.  4a 
shows  typical  cyclic  voltammograms  for  the  electro-oxidation  of 
different  methanol  concentrations  in  0.1  M  H2SO4  at  Pt/G-MWNTs. 
CV  profile  for  Pt/graphene  is  presented  in  Supplementary  Infor¬ 
mation  (Fig.  SI).  All  CV  profiles  consisted  of  two  strong  anodic 
peaks,  a  forward  peak  and  a  backward  peak,  which  are  well  known 
to  originate  from  the  electro-oxidation  of  methanol  and  the  inter¬ 
mediate,  respectively.  The  forward  and  backward  anodic  peaks  in 
the  scan  correspond  to  oxidation  of  methanol  forming  Pt-adsorbed 
CO,  that  is  known  to  poison  the  electrocatalyst,  and  CO2  (Eqs.  (4) 
and  (5))  and  the  oxidation  of  adsorbed  carbonaceous  species  to 
CO2  (Eq.  (6)),  respectively  [21]. 


Pt  +  CH3OH  -►  Pt 

-COads  +  4H+  +  4e- 

(4) 

CH3OH  +  h2o  -► 

C02  +  6H+  +  6e“ 

(5) 

Pt— COads  +  H2O 

->•  Pt  +  C02  +  2H+  +  2e~ 

(6) 

Additionally,  the  Fig.  4b  illustrate  that  the  methanol  oxidation 
current  density  increased  with  increasing  methanol  concentrations 
up  to  3  M  at  the  Pt/G-MWNTs  but  leveled  at  2  M  at  the  Pt/graphene 
electrode.  This  phenomenon  is  ascribed  to  the  saturation  of  active 
sites  at  the  electrode  surface.  Further,  the  methanol  oxidation 
current  density  was  highest  at  Pt/G-MWNTs  at  all  methanol 
concentrations.  Pt  loading  has  direct  effect  on  the  oxidation  of 
methanol.  Hence,  to  compare  the  performance  of  these  two 
different  electrodes  same  number  of  CV  cycles,  25  in  this  study,  was 
used  for  Pt  nanoparticles  deposition  on  both  G-MWNTs  and  gra¬ 
phene  electrodes. 

This  number  of  CV  cycles  value  was  chosen  based  on  our 
observation  and  that  beyond  25  CV  cycles,  the  Pt  nanoparticles 
starts  getting  aggregated  and  results  in  the  formation  of  a  thin  film 
of  Pt.  The  electrochemical  Pt  deposition  is  an  effective  procedure 
in  comparison  to  the  chemical  route,  which  involves  complex 
fabrication  steps  and  also  the  presence  of  impurity  might  be 
involved  during  preparation.  The  MOR  performance  of  these  two 
electrodes  was  compared  by  comparing  their  corresponding  mass 
activity  towards  methanol  oxidation  by  normalizing  the  forward 
oxidation  current  density  to  mass  of  the  electrodeposited  Pt.  The 
mass  activity  of  the  Pt/G-MWNT  was  found  to  be  127.43  mA  mgpt1, 
which  is  about  5  times  higher  than  that  of  23.41  mA  mgpt1  ob¬ 
tained  with  graphene  for  3.0  M  methanol  oxidation  in  0.1  M  H2S04 
at  a  scan  rate  of  50  mV  s-1.  This  significant  increase  in  the  mass 
activity  with  the  G-MWNT  methanol  oxidation  is  due  to  the 
controlled  uniform  electrodeposition  of  the  Pt,  due  to  higher  3D 
surface  area  of  the  electrode.  The  mass  activity  of  102.12  mA  mgpt1 
with  G-MWNT  hybrid  was  found  to  be  higher  than  60  mA  mgpt1 
with  commercial  (E-TEK)  Pt/C  and  comparable  to  82.6-146.4  mA 
mgpt1  for  Pt/CNTs  [22]  for  2.0  M  methanol  oxidation,  which  may 
be  further  increased  by  decreasing  the  Pt  loading  and  reducing  the 
particle  size  by  controlling  the  Pt  electrodeposition  on  the  elec¬ 
trode  surface. 


Fig.  4.  Cyclic  voltammograms  with  the  current  density  normalized  to  the  geometrical  surface  area  (left)  and  the  mass  activity  (right)  of  (a)  Pt/G-MWNTs  in  0.0-3.0  M  CH3OH/O.I  M 
H2S04  at  scan  rate  of  50  mV  s-1  and  (b)  plot  of  forward  anodic  peak  current  density  vs.  CH3OH  concentration  for  Pt/G-MWNTs  and  Pt/graphene. 
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Although  a  good  catalytic  activity  was  observed  at  Pt/G-MWNTs, 
poisoning  of  Pt  by  the  carbonaceous  intermediate,  CO  in  particular, 
on  the  electrode  surface  cannot  be  overlooked.  RuPt  is  commonly 
accepted  as  best  electrocatalyst  for  methanol  oxidation.  Bimetallic 
Ru  and  Pt  was  electrochemically  deposited  on  G-MWNTs,  under 
identical  conditions  as  described  for  Pt  deposited  electrodes,  and 
evaluated  for  methanol  oxidation.  As  shown  in  Fig.  6b,  the  back¬ 
ward  anodic  current  peak  was  significantly  reduced  at  RuPt/G- 
MWNTs  when  compared  to  Pt  alone  (Fig.  5a)  in  1.0  M  CH30F1/ 
0.1  M  H2SO4,  indicating  the  removal  of  COads  by  Ru  via  the  following 
(Eq.  (7))  bi-functional  mechanism  [23]. 

Pt  (CO)ads  +  RU  (OH)ads  -  RU  +  Pt  +  C02  +  2H  +  2e"  (7) 

The  ratio  of  the  forward  peak  current  density  (If)  to  backward 
anodic  peak  current  density  (lb),  used  to  describe  the  catalyst 
tolerance  to  carbonaceous  species  accumulation,  were  observed  to 
be  9.38,  1.11  and  1.65  for  RuPt/G-MWNTs,  Pt/G-MWNTs  and 
Pt/graphene,  respectively.  Although  the  If/lb  at  Pt/G-MWNTs  (1.11) 
is  significantly  lower  than  Pt/graphene,  it  is  higher  than  those  of 
recently  reported  for  Pt/graphene  oxide  (0.83)  and  Pt/MWNT  (0.72) 
[24]  and  comparable  to  commercial  Pt/carbon  black  (1.27)  from 
Johnson  Matthey  [7].  Furthermore,  the  If/lb  for  RuPt/G-MWNTs 
(9.38)  is  more  than  two-fold  higher  than  that  for  commercial 
Pt/carbon  black  (4.39)  from  Johnson  Matthey  [7].  The  approxi¬ 
mately  9-fold  higher  If/lb  for  RuPt/G-MWNTs  over  Pt/G-MWNTs 
confirms  the  ability  of  the  bimetallic  catalyst  to  withstand 
poisoning  from  carbonaceous  materials  by  oxidizing  them  to  CO2. 

The  onset  potential  (Eonset)  of  methanol  oxidation  is  also  an 
indicator  for  determining  and  comparing  the  electrocatalyst 
activity  for  methanol  oxidation  [25].  The  Eonset  (Fig.  5  insets)  was 
found  to  be  in  the  order  of  RuPt/G-MWNTs  (0.22  V)  <  Pt/G-MWNTs 
(0.27  V)  <  Pt/graphene  (0.41  V),  revealing  that  G-MWNTs  sup¬ 
ported  catalyst,  both  Pt  and  RuPt,  had  enhanced  electrocatalysis 
capability  in  the  methanol  oxidation  when  compared  to  graphene 
catalyst  support.  In  comparison,  commercial  Pt/C  (E-TEK),  Pt/car¬ 
bon  black  (Johnson  Matthey)  and  RuPt/carbon  black  (Johnson 
Matthey)  had  significantly  higher  onset  potential  values  of  0.55  V, 
0.797  V  and  0.597  V,  respectively  [7,22]. 

Kinetics  of  methanol  oxidation  reaction  at  Pt  deposited  elec¬ 
trodes  was  investigated  by  studying  the  relationship  between  the 
forward  anodic  peak  current  density  of  methanol  oxidation  and  CV 
scan  rate  (v).  Fig.  S2  shows  CV  curves  for  methanol  oxidation  at 
Pt/G-MWNTs  and  Pt/graphene,  at  a  scan  rate  of  25-125  mV  s-1.  A 


Fig.  6.  Relationship  of  anodic  forward  peak  current  density  vs.  scan  rate  for  Pt/G- 
MWNTs/GCE  and  Pt/graphene/GCE. 

linear  relationship  between  forward  peak  current  density  and  v1/2 
for  Pt/G-MWNTs  and  Pt/graphene,  shown  in  Fig.  6,  suggests  that  the 
oxidation  behavior  of  methanol  at  both  electrodes  is  controlled  by 
diffusion  process  [26].  The  larger  slope  for  Pt/G-MWNTs  (2.01) 
compared  to  Pt/graphene  (0.40)  is  indicative  of  a  fast  diffusion 
process  of  methanol  on  the  surface  of  G-MWNTs  hybrid  film  than 
those  of  graphene  catalyst  supports.  This  result  is  also  attributed  to 
large  surface  area  of  Pt  nanoparticles  catalyst  per  unit  geometrical 
area  of  G-MWNTs  hybrid  electrode  and  is  consistent  with  SEM  and 
electroactive  surface  measurement  studies,  further  suggests 
G-MWNTs  hybrid  film  to  be  promising  catalyst  support  for  the 
direct  DMFCs  applications. 

4.  Conclusions 

We  have  demonstrated  an  efficient  fabrication  of  Pt  nano¬ 
particles  deposited  unique  three-dimensional  carbon  electrode 
system  called  G-MWNTs  as  catalyst  support  for  the  electro¬ 
oxidation  of  methanol.  SEM  analysis  confirmed  that  flower-like  Pt 
nanostructures  of  about  60-90  nm  in  size  with  cluster  of  needles 
were  electrochemically  deposited  over  the  entire  hybrid  nano¬ 
structure.  On  the  basis  of  mass  specific  activity  the  Pt/GMWNT 
exhibited  the  highest  MOR  performance  and  fast  diffusion  process 
as  compared  to  graphene  supported  Pt  catalyst.  Additionally,  RuPt/ 


Fig.  5.  Electrocatalytic  performance  of  (a)  Pt/G-MWNTs/GCE  and  (b)  RuPt/G-MWNTs/GCE  in  1  M  CH3OH/O.I  M  H2S04  at  a  scan  rate  of  50  mV  s  \ 
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G-MWNTs  prepared  in  the  present  work  reduced  the  backward 
anodic  current  peak  significantly  by  oxidizing  the  carbonaceous 
intermediate  to  CO2.  The  high  performance  of  G-MWNTs  as  catalyst 
support  for  electro-oxidation  of  methanol  is  due  to  the  large  surface 
area  of  unique  3D  carbon  nanostructure  having  efficient  charge 
transfer  at  G-MWNTs/electrolyte  interface  allowing  higher  disper¬ 
sion  of  Pt,  and  good  electrical  properties  of  MWNTs.  This  MOR 
performance  may  further  be  improved  by  better  controlling  the 
Pt  nanoparticle  size  with  optimizing  the  electrodeposition  process. 
These  results  suggest  that  G-MWNTs  could  be  a  potential  candidate 
as  a  catalyst  support  material  for  the  applications  in  DMF  fuel  cells. 
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